Alkali-and heat-treated norepinephrine, a catecholamine, induced flowering of short-day (SD) plant Lemna paucicostata 151 even under long-day (LD) conditions. Flowering induced with a lower concentration of heattreated norepinephrine was promoted under SD conditions but inhibited by a night break. The related compounds L-dopa and dopamine also promoted flowering under SD conditions when they were heat-treated.
Norepinephrine, also called noradrenaline, is one of the most well known catecholamines. It reacts with 9-hydroxy-10-oxo-12(Z),15(Z)-octadecadienoic acid (KODA), which is formed from 9-hydroperoxy linolenic acid, and the resulting product, FN1, has strong flowerinducing activity in Lemna paucicostata strain 151. 1) Other catecholamines and structurally related compounds, such as epinephrine, 3-O-methyldopamine, 4-O-methyldopamine, and D,L-normethanephrine, also presumably react with KODA, and their reactants also induce flowering, 1) but catecholamines and KODA alone have not been found to induce flowering. 1, 2) Kaihara and Takimoto 3) and Takimoto 4) nevertheless briefly mentioned that alkali-and heat-treated norepinephrine induced flowering of L. paucicostata 151 under longday (LD) conditions. Unfortunately, no specific related data have published so far. We found that alkali-and heat-treated norepinephrine alone can induce flowering under LD conditions. Further, we found that they can promote the flowering response induced by short-day (SD) conditions in L. paucicostata, and that the related compounds L-dopa and dopamine can also promote flowering of the plant under SD conditions when these are heat-treated.
We used SD plant L. paucicostata 151. The culture medium used for flowering assays was 1/10-strength liquid E medium supplemented with 1 mM benzyladenine, 5, 6) and the medium for stock culture was 1/2-strength Hutner liquid medium.
7) The assays were conducted under SD (16 h dark/8 h light, 168 mmol/m 2 /s) or LD (continuous light, 168 mmol/m 2 /s) conditions at 25 AE 1 C for 7 d, unless otherwise stated. A threefrond colony was prepared for each culture, and three cultures were used for each treatment. All the experiments were repeated 3 times. Data were collected 7 d after culture initiation. All results are expressed as the mean percentage of fronds with flowers (FL%) AE the standard deviation.
In a previous study, epinephrine and norepinephrine dissolved in hydrochloric acid did not induce flowering in L. paucicostata 151. 1, 2) However, consistently with Kaihara and Takimoto 3) and Takimoto, 4) when we dissolved epinephrine and norepinephrine in 8 N KOH in order to make 10 mM alkali-treated catecholamine solutions and added them to the culture medium, these compounds induced flowering even under LD conditions (Fig. 1A) . Also, to make 10 mM of heat-treated catecholamine solutions, we dissolved the catecholamines in distilled water and heated the vessels in boiling water for 2 h. The heat-treated catecholamine induced flowering under LD conditions as well (Fig. 1B) . The activity of norepinephrine was higher than that of epinephrine. The lower activity of epinephrine might have been due to its low solubility in water, since the activity of the alkalitreated epinephrine was slightly higher than that of norepinephrine (Fig. 1A) . Since we felt that we could not accurately prepare planned concentrations of heat-treated epinephrine, we only show the data for the experiment with the heat-treated norepinephrine in Fig. 1B . To avoid an unnecessary elevation of pH in the culture medium, we subsequently used heat-treated solutions only.
L. paucicostata 151 is a weakly sensitive SD plant 8) that hardly flowers even under typical SD conditions (16-h dark/8-h light). We examined the effects of various concentrations of heat-treated norepinephrine on flower-inducing activity under SD and LD conditions. The results were very clear: norepinephrine induced flowering even at 0.03 mM under SD (Fig. 1C) . To examine the number of days of SD treatment required to induce flowering, we cultured plants for various numbers of days under SD conditions, followed by LD conditions, and determined the FL% on the 7th day after the start of culture. Although the length of SD treatment required for flowering decreased as the concentration of norepinephrine increased, !5 d of SD treatment clearly promoted flowering (Fig. 1D) . Hence we conducted flowering assays at low concentrations (0-0.3 mM) of norepinephrine for 5 d.
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We determined the critical dark period by assay with heat-treated norepinephrine under different day-lengths for 5 d. A dark period of !12 h dramatically promoted the flower-inducing activity of norepinephrine, although activity was also observed at higher concentrations (0.1-0.3 mM) under <12 h of dark (Fig. 1E) .
Induction of flowering in SD plants is inhibited by night-break treatment. We examined the effect of a night break on the flower-inducing activity of norepinephrine. Under SD conditions for 5 d, a 1-h night break was inserted in the middle of each dark period. The inhibitory effect of the night break was obvious: norepinephrine promoted flowering induced by SD, except with a night break (Fig. 1F) .
We also examined the promotive effects of precursors of norepinephrine on flowering under SD conditions: D,L-phenylalanine, L-tyrosine, L-dopa, and dopamine hydrochloride, each heat-treated and added to the culture medium. Plants were cultured for 5 d under SD conditions, and then for 2 d under LD conditions. Of these precursors, L-dopa and dopamine hydrochloride promoted flowering under SD (Fig. 1G ), but not under LD, and their effects were completely canceled by a night break (data not shown). Thus these heat-treated precursors also promote the flowering induced by SD. A similar experiment with other structurally related compounds (adrenochrome, carbazochrome, creatinine, and vanillylmandelic acid) showed that they had no effect on flowering (data not shown).
Thus we confirmed the flower-inducing activities of alkali-and heat-treated catecholamines in L. paucicostata 151. Although L. paucicostata 151 is an SD plant, it scarcely flowers under SD conditions, yet alkali-and heat-treated epinephrine and norepinephrine strongly induced flowering under SD conditions, and even under LD conditions. L-Dopa and dopamine hydrochloride, precursors of norepinephrine, also promoted flowering under SD conditions when these compounds were heattreated. These promotive activities were canceled by a night break.
Kaihara and Takimoto 3) have reported that a norepinephrine solution in which intact plants of L. paucicostata strain 441 were immersed had strong flowerinducing activity in L. paucicostata 151. However, since such activity was not observed in the presence of ascorbic acid during immersion, they speculated that the activity was conferred via oxidization of norepinephrine, and they referred to the flower-inducing activity of norepinephrine, possibly oxidized in alkaline solution, in the literature.
3) Similarly, Takimoto 4) also mentioned the flower-inducing activity of norepinephrine, which was possibly oxidized by alkali-and by heat-treatment. In addition, in our preliminary experiment, we observed that epinephrine and norepinephrine, which were dissolved in 8N KOH in the absence of air for 2 h, had no flower-inducing activity (data not shown). Our result confirms their prediction.
Khurana et al. 9) observed the promotive effects of epinephrine, norepinephrine, and isoproterenol on the flowering of the SD plant L. paucicostata 6746 under SD conditions, but since norepinephrine did not induce flowering under LD conditions, they concluded that none of these chemicals can induce flowering. In contrast, our results clearly indicate that alkali-and heat-treated epinephrine and norepinephrine induced flowering in L. paucicostata 151 even under LD conditions, and did so alone.
The chemical structures of the flower-inducible products derived from these alkali-and heat-treated catecholamines have never been elucidated, and thus remain to be studied in detail.
